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Abstract Urban and peri-urban agriculture (UPA)
has often been accused of being nutrient inefficient
and producing negative externalities. To investigate
these problems for the West African capital Niamey
(Niger), nutrient inputs through fertilizer and manure
to 10 vegetable gardens and 9 millet fields and
nutrient offtakes through harvests were quantified
during 24 months, and contamination of irrigation
water and selected vegetables with faecal pathogens
and heavy metals was determined. Annual partial
horizontal balances for carbon (C), nitrogen (N),
phosphorus (P) and potassium (K) amounted to
9,936 kg C ha-1, 1,133 kg N ha-1, 223 kg P ha-1
and 312 kg K ha-1 in high input vegetable gardens as
opposed to 9,580 kg C ha-1, 290 kg N ha-1, 125 kg
P ha-1 and 351 kg K ha-1 in low input gardens. In
high input millet fields, annual surpluses of 259 kg C
ha-1, 126 kg N ha-1, 20 kg P ha-1 and 0.4 kg K
ha-1 were recorded, whereas surpluses of 12 kg C
ha-1, 17 kg N ha-1, and deficits of -3 kg P ha-1
and -3 kg K ha-1 were determined for low input
fields. Counts of Salmonella spp. and Escherichia
coli yielded above threshold contamination levels of
7.2 9 104 CFU 25 g-1 and 3.9 9 104 CFU g-1 in
lettuce irrigated with river water and fertilized with
animal manure. Salmonella counts averaged 9.8 9
104 CFU 25 g-1 and E. coli 0.6 9 104 CFU g-1 for
lettuce irrigated with wastewater, while these patho-
gens were not detected on vegetables irrigated with
pond water. These results underline the need for
urban gardeners to better adjust the nutrients applied
to crop requirements which might also reduce
nutrient accumulations in the soil and further in the
edibles parts of the vegetables. Appropriate pre-
treatment of irrigation water would help improve the
quality of the latter and enhance the food safety of
vegetables determined for the urban markets.
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Introduction
During the last decade the use of open inner-city and
peripheral spaces for urban and peri-urban agriculture
(UPA) has become increasingly important in Africa
to enhance the food supply to the population of the
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rapidly growing cities (Bryld 2003; Cofie et al. 2003).
Intensively managed UPA systems can provide
farmers with additional opportunities for employ-
ment, income and subsistence food (Rabinovitch and
Schmetzer 1997; Lynch et al. 2001; Drechsel et al.
2006; Nguni and Mwila 2007; Thornton 2008).
Moreover, UPA can contribute positively to poverty
alleviation and social integration of disadvantaged
and marginalized groups such as handicapped, sick or
old people, female-headed families, children and
jobless uneducated young people (van Veenhuizen
and Danso 2007). Furthermore, these production
systems allow consumers to purchase fresh vegeta-
bles and fruits as well as eggs, fresh meat and milk,
poultry and fish (Cofie et al. 2001; Niang et al. 2002;
Drechsel et al. 2007) on urban and local markets. To
achieve these multiple objectives UPA makes use of
typical urban resources such as, organic municipal
waste, sewage and market refuse in crop production,
which have often been found to cause microbial and
heavy metal contamination of produce (Keraita and
Drechsel 2002; Amoah et al. 2005; Akegbejo-Sam-
sons 2008). Besides solid organic and liquid wastes,
household wastes, contaminated livestock and poultry
manures were reported to be sources of pathogen
contaminations mainly of faecal origin (Guendel
2002; Sonou 2001; Drechsel et al. 2006). While
manure application on UPA soils may reach up to
100 t ha-1 year-1, mineral fertilizers are often used
as an additional nutrient source for vegetables such as
cabbage (Brassica oleracea L.; Drechsel et al. 2005).
In Lome´ (Togo), for example, farmers used a
combination of cotton (Gossypium hirsutum) grain,
different manures and mineral fertilizers as soil
amendments (Schreurs 2001). From the South of
Benin high inputs of organic ([40 t ha-1) and
mineral fertilisers ([600 kg ha-1) were reported as
inputs for African eggplant (Solanum aethiopicum L.;
Assogba-Komlan et al. 2007). In the Sahelian cities
of Bamako (Mali), Ouagadougou (Burkina Faso) and
Niamey (Niger), where large-scale poultry farming
is constrained by heat, the combined application of
cattle manure and mineral fertilizers in UPA systems
is common (Drechsel et al. 2006; Graefe et al.
2008). In Niamey, the intensive fertilizer application
to UPA gardens (Graefe et al. 2008) suggests
strongly positive horizontal nutrient balances that
may result in large gaseous and leaching losses of
nutrients and environmental pollution. This is
obviously in strong contrast to the negative nutrient
balances reported for rural West African farming
systems (Stoorvogel and Smaling 1990; Van den
Bosch et al. 1998). However, detailed studies are
lacking that quantify the nutrient flows and balances
in the UPA systems of this region.
As such nutrient balances are of interest both from
an economic and environmental point of view and
have been used to evaluate the sustainability of
farming systems at different scales (Nielsen and
Kristensen 2005; He et al. 2007; Kyllingsbæk and
Hansen 2007; Khai et al. 2007; Guo et al. 2008). The
difference between the sum of nutrient inputs and the
sum of nutrient outputs indicates a surplus or deficit
for the system and depending on the objectives and
scales of the research, different types of nutrient
balances can be used. In this study we used the soil
surface nutrient budget approach (Oenema et al.
2003; Bassanino et al. 2007) to quantify manage-
ment-related horizontal nutrient fluxes and balances
in UPA vegetable and millet farming systems of the
Sahelian city of Niamey. More specifically, our
objectives were (i) to quantify the management-
based horizontal fluxes and balances of carbon (C),
nitrogen (N), phosphorus (P) and potassium (K) at the
level of gardens and fields, and (ii) to determine the
concentrations of heavy metals and faecal pathogens
in irrigation water used and the thus irrigated leafy
vegetables.
Materials and methods
Study area and cropping systems
The study was carried out in Niamey (13.5 N, 2.2 E;
220 m asl), the capital city of the Republic of Niger,
which currently has around 900,000 inhabitants who
are estimated to increase to 2.5 Mio in 2025 (Maurice
2003). The region’s climate is semi-arid with a single
rainy season from June to October and an 80-year
average precipitation of 577 mm year-1 (L’Hoˆte et al.
2002). During the study period (January 2006–January
2008), annual rainfall recorded was substantially
lower than this average and, equally typical for semi-
arid climates, varied substantially between different
experimental sites within the city (Table 1). During
the cool dry season (November–February), average
daily temperatures range from 16 to 32C and are
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lowest in January (24C); during the hot dry season
(March–May) average daily temperatures range from
27 to 41C and peak in April/May (34C).
The city area under study covers 672 km2 with the
major built-up part located north of the Niger River
that separates Niamey at a length of about 15 km.
This northern part is crossed from north to south by a
major riverbed (wadi) through which water drains
nearly year-round into the Niger River. Most of the
UPA activities, especially gardening, are located
along this wadi and the Niger River. Niamey’s UPA
is mainly characterized by intensive urban and peri-
urban vegetable gardening and some peri-urban
millet farming associated with intensive sheep and
goat husbandry in the city centre and extensive cattle
keeping at the outskirts of the city (Graefe et al.
2008). The input-intensive, largely market-oriented
vegetable gardening is dominated by exotic crop
species (Table 1), whereby in contrast to popular
judgement species richness was found to increase
with market orientation and partly with garden size
(Bernholt et al. 2009). At the city’s outskirts millet
(Pennisetum glaucum L.) and sorghum (Sorghum
bicolor L.) intercropped mainly with cowpea (Vigna
unguiculata L.) and occasionally groundnut (Arachis
hypogea L.) are cultivated as staple food.
For this study 10 vegetable gardens (Table 1) and 9
millet fields (Table 2) representing the diversity of
UPA crop production systems were selected on the
basis of a preceding study (Graefe et al. 2008) and were
closely monitored, to quantify the management-related
nutrient inputs (INs) and outputs (OUTs) (Fig. 1).
Based on the management intensity, and especially the
nutrient input to individual gardens and fields, respec-
tively, these were categorized as high or low input
systems. While in gardens high input systems were also
strongly market-oriented, low input systems were
mainly managed for home consumption. This differ-
entiation could not be made for the millet fields which
all served home-consumption.
Three and five sampling plots were installed in
each garden and field, respectively. Their size varied
from 1 to 10 m2 for small gardens and from 10 to
25 m2 for large ones, while in the fields, observed
plot sizes were 100 m2. The total area of fields and
gardens as well as the individual plot sizes were
determined using a hand-held differential Global
Positioning System (GPS; Trimble Pro XR, Sunny-
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detailed map produced from a 2005 Google Earth
satellite image with 15 m resolution using ArcView
3.2. (Redlands, CA, USA).
Quantification of horizontal nutrient fluxes
Horizontal nutrient fluxes (inputs and outputs) related
to farmers’ management were measured in the
selected gardens and millet fields over a period of
24 month (January 2006–January 2008). All study
sites were visited at least once a week and farmers
were interviewed about all relevant resources inputs
onto and removals from the selected plots. The main
sources of nutrient inputs included fertilizers (animal
manure, mineral fertilizers, ash, compost), and irri-
gation water; wet and dry deposition and biological N
fixation were accounted for using transfer functions.
Moreover, carbon influx from root exudates were
accounted for as they constitute an input flux for the
organic C pool of the soil through the process termed
rhizodeposition (Nguyen 2003). However, as root
exudation is very difficult to quantify under field
conditions (Dilkes et al. 2004), we assumed that root
C influx was equivalent to harvested shoot C.
In the gardens, fertilizer inputs were quantified
throughout the cropping cycle by weighing the
amounts applied. In the fields, the quantity of the
predominantly used animal manure remaining on the
soil after corralling of sheep, goats and/or cattle was
determined before the onset of the rainy season using
a sampling frame of 1 m2 with 10 repetitions per
field. Representative samples of fertilizer and dung
applied were taken at each application event (gar-
dens) and sampling date (fields), respectively, and
were kept for analysis of C, N, P and K.
Different sources of irrigation water were used,
namely, wastewater, pond water, well water and river
water collected upstream and downstream of the city,
depending on the location of the garden. Inputs from
irrigation water were quantified on a weekly basis in
the garden plots by counting the number of watering
cans (8–17 l; volume determined in each case) used
per day. The total amount of water applied was
calculated from the quantity applied per day and the
length of the cropping cycle and was multiplied by
the nutrient concentration in the water source.
Nutrient inputs through rainwater were calculated
from the amount of rainfall measured by a rain gauge
at 1.5 m above ground in each garden and the nutrient
concentrations therein.
To quantify the outputs throughout the 24-months
measurement period, the harvested biomass of all
vegetables (except for minor quantities of medicinal or
ornamental plants) was determined on the selected























Fig. 1 Diagram showing the delineations of the soil surface partial horizontal balance (SSPHB) approach. Any application outside
the double boundary was considered to be an external input into the SSPHB
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plots of each garden by either weighing the total crop
harvested per plot or by sampling and weighing all
material removed from two sampling areas of 1 m2 per
plot and multiplied by the total area harvested.
Samples were pooled by garden, harvest date, type
of vegetable and fertilization treatment. In the fields,
the grain and straw yield of millet and cowpea was
quantified at harvest (October) on the selected plots,
and representative samples were kept for the analysis
of C, N, P, K. All samples of manure and harvested
plant matter were oven-dried to constant weight at
65C and ground to 1.5 mm particle size before
chemical analysis using standard methods (see below).
Nutrient fluxes were estimated by multiplying the
oven-dry mass of material by their nutrient concen-





where F is the total nutrient flow (input or output)
over the period of measurement, n is the number of
events (application of fertilizer, irrigation water, rain
or crop removal, etc.), Qi is the quantity of raw
material at event i and Ci is the nutrient concentration
in the raw material at event i.
Soil and water sampling
To assess the status quo of soil fertility in each garden
and field, soil samples were collected at 0–20 cm
(garden and field) and 20–50 cm (fields only) depths
using an auger. Two subsamples each taken from two
different spots within the same plot were pooled to
obtain a total of five samples per field and three
samples per garden, thereby differentiating samples of
differently managed plots. In the gardens, the samples
were collected before crop fertilization and after 12
and 24 months of intense cultivation, while in the
millet fields samples were collected before the onset
of the rainy season in the first year (2006) and after the
harvest in the first and in the second year (2007). Soil
samples from fields were pooled by soil depth into one
composite sample. All samples were air-dried on a
clean paper within a few hours after sampling and
analyzed for mineral N (NO3
- and NH4
?), Bray-P,
pH, organic carbon, effective cation exchange capac-
ity (CEC), exchangeable K and total N using standard
analytical techniques (see below).
For each garden on a bi-monthly basis 100 ml of
irrigation water were collected in duplicates from the
watering cans or the source point. For rain water two
samples were collected at one rainfall event in the
beginning (July) and the middle of the rainy season
(mid-August). After sampling, one drop of 0.1 N HCl
was added to each water sample after which samples
were kept in the refrigerator at 4C until analysis of
pH, N, P, and K.
Chemical analyses
In soil, irrigation water and rainwater samples pH was
determined in 1:2.5 soil:water (w:v) and water:water
(v:v). In soil samples, organic carbon was determined
according to the wet oxidation method (Walkley and
Black 1934) and P-Bray according to Bray and Kurtz
(1945). Total N and mineral N as nitrate (NO3
--N) and
ammonium (NH4
?-N) were determined colorimetri-
cally with an Alpkem Rapid Flow Analyzer (RFA
1985) at 520 and 660 nm, respectively. Soil effective
cation exchange capacity (ECEC) was determined by
summation of exchangeable cations after their extrac-
tion with 1 n NH4-acetate and analysis of the extract by
atomic absorption spectroscopy or flame emission
spectro-photometry and of exchangeable acidity
(H? and Al3?) according to Espiau and Peyronel
(1976). In manure, water and plant samples, total N
was determined colorimetrically using the Bertholet
reaction (Chaney and Marbach 1962) with an N-auto-
analyzer (TECHNICON AAII, Ontario, Canada).
Total P was also determined colorimetrically based
on the phosphomolybdate complex reduced with
ascorbic acid (Lowry and Lopez 1946) and K by flame
photometry (Instrument Laboratory 543, CA, USA).
Calculation of nutrient balances
Soil surface nutrient budgets were compared to the
change in extractable nutrients over the 24-months
period using Eq. 2 proposed by Khai et al. (2007). To
this end C, N, P and K partial balances were
computed at the level of an individual field and
garden by subtracting the nutrient outputs (through all
harvested products) from the nutrient inputs.
DPE ¼ IE  OE ð2Þ
where DPE, IE and OE stand for the change in the soil
pool, the input and the output of element E,
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respectively. In our case, the equation takes into
account the following inputs of element E from soil
amendments: either organic or mineral fertilizer (FE),
irrigation water (IRWE), wet plus dry depositions
(WDE), biological nitrogen fixation (BNFE) and the
outputs of E through harvested products (HPE). If
also leaching losses (LE) and gaseous emissions
(GEE) from the soil surface were accounted for, the
net change in the soil storage (DSoilE) of element E
were calculated as:
DSoilE ¼ FE þ IRWE þ WDE þ BNFEÞ
 ðHPE þ LE þ GEEÞ ð3Þ
However, leaching losses and gaseous emissions
were only available for some of the studied gardens and
fields (Predotova et al. 2010b); they were therefore not
included in the nutrient flux equation. The apparent
partial, that is horizontal, balance of element E thus
resulted from Eq. 4:
DSoilE ¼ FE þ IRWE þ WDE þ BNFE  HPE ð4Þ
For cowpea annual symbiotic N2-fixation was
assumed to amount to 40 kg ha-1 as it has been
previously reported for the acid sandy soils of the
Sahelian zone of Niger and total annual non-symbi-
otic N2-fixation was estimated at 5 kg ha
-1 (Roy
et al. 2003). Yearly dry depositions of Harmattan dust
were set at 1,200 kg ha-1 with nutrient concentra-
tions of 0.0038 kg N kg-1 dust, 0.00079 kg P kg-1
dust and 0.0187 kg K kg-1 dust (FAO 2005).
Vegetable contamination with pathogens
and heavy metals
To assess a possible pathogen contamination of
produced vegetables, two samples of irrigation water
and of different leafy vegetables (cabbage, lettuce—
Lactuca sativa L., and amaranth—Amaranthus cruen-
tus L.) were aseptically (sterile equipment) collected
per garden, once in the hot dry season (April 2007) and
in the cool dry season (January 2008). Samples were
kept in a refrigerator at 4C after collection and
composites per type of material and garden were
analysed within 24 h for total mesophilic aerobic
micro-organisms (Staphylococcus sp.) and for faecal
pathogens of animal origin (Salmonella spp., Esche-
richia coli, Streptococci and total coliforms following
standard procedures (APHA-AWWA-WEF 2001).
Additionally, irrigation water (n = 2) was sampled
in each garden before (May) and after (October) the
rains in 2006, and analysed for total concentrations of
the heavy metals copper (Cu), cadmium (Cd), lead
(Pb), zinc (Zn) and nickel (Ni) using Inductive Coupled
Plasma Atomic Emission Spectrometry (ICP-AES,
Spectro Analytical Instruments, Kleve, Germany;
Heinrichs 1989).
Statistical analysis
For each plot, horizontal partial nutrient balances of
C, N, P, and K were converted to a hectare basis and
F-tests performed using the General Linear Models
(GLM) procedure within SAS 9.1 (SAS 2003).
Independent variables were management intensity,
season, and year, while dependent variables com-
prised soil chemical parameters, inputs and outputs of
C, N, P and K as well as plant dry matter (DM) yields.
Means were separated by t-tests (LSD) at P = 0.05.
Results
Main characteristics of high and low input
systems
In the high input vegetable gardens, annual total
nutrient inputs ranged from 1,109 to 3,816 kg N
ha-1, 143 to 644 kg P ha-1, and 640 to 2,019 kg K
ha-1 as opposed to 198–782 kg N ha-1, 86–253 kg P
ha-1 and 315–898 kg K ha-1 for low input gardens.
Similarly, for high input millet fields annual total
nutrient inputs varied from 87 to 173 kg N ha-1, 19
to 44 kg P ha-1 and 54 to 115 kg K ha-1, while for
low input millet fields annual nutrient inputs ranged
from 0.1 to 11.4 kg N ha-1, 0.9 to 5.6 kg P ha-1 and
13 to 21.9 kg K ha-1.
Nutrient concentrations in irrigation
and rain water
The use of wastewater for irrigation was most
common in the gardens located along the wadi
(Gountou Yena). This water contained, per litre,
150 mg N, 19 mg P and 66 mg K in the dry season
(Fig. 2). In the rainy season, nutrient concentrations
were 5-fold lower for N, 3-fold lower for P, and 50%
lower for K. For the other sources of irrigation water,
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however, seasonal differences in nutrient concentra-
tions were not significant. For the dry season, the
nutrient concentrations per litre of well, river
(upstream and downstream), and pond water ranged
from 0.2 to 19.2 mg N, 0.2 to 0.5 mg P and 4.2 to
8.7 mg K as opposed to rainy season concentrations
of 0.1–0.9 mg N, 0.4–0.5 mg P and 2.9–7.4 mg K.
Average nutrient concentrations in rain water were
0.03 mg N l-1, 0.20 mg P l-1 and 3.77 mg K l-1.
Horizontal nutrient balances in vegetable gardens
Nutrient inputs varied significantly between the high
and the low input gardens. Mineral fertilizers were
the major sources of N and P in the high input
gardens, accounting for 48 and 80% of total N and P
inputs, respectively. Average annual inputs through
mineral fertilizers were 711 kg N ha-1 and 234 kg P
ha-1 in the high input gardens (Fig. 3) compared to
164 kg N ha-1 and 25 kg P ha-1 in the low input
gardens (P \ 0.05). Application of livestock manure
accounted for 44, 61 and 75% of the total inputs of N,
P and K, respectively, in the high input vegetable
gardens, while it supplied 68% N, 73% P and 48% K
in the low input gardens. However, no significant
differences were found between the two types of
gardens as far as the amounts of nutrients applied
with manure were concerned. Likewise, C influx
through manure plus estimated deposits (root exu-
dates assumed to be equivalent to harvested shoot C)
was similar for the two types of gardens (Fig. 3).
Nutrient inflows through irrigation water were con-
siderable, mainly for high input gardens where
wastewater was used for irrigation, although the
amounts of wastewater applied were lower than the
amounts of water drawn from other water sources
(Table 1). Due to its high nutrient concentrations it
supplied annually up to 2,427 kg N ha-1, 376 kg P
ha-1 and 1,439 kg K ha-1 (Fig. 2).
The total amounts of C, N, P and K exported
through harvests in high input vegetable gardens
significantly (P \ 0.05) exceeded the exports in low
input gardens (Table 3).
Given higher inputs of nutrients as compared to
their removal with harvested produce, partial hori-
zontal balances were strongly positive for both types
of gardens. Average annual horizontal carbon and






























































Fig. 2 Concentrations of nitrogen, phosphorus and potassium
in different sources of irrigation water used in the vegetable
gardens of Niamey, Niger. The number of gardens using each
type of water are for downstream river (Rd): n = 3, upstream
river (Ru): n = 3, well (W): n = 1, pond (P): n = 1, and
wastewater (Ww): n = 2. Two water samples were collected
every 2 months in each garden during January 2006 to January
2008. Data represent annual averages plus one standard error.
The isolated vertical lines indicate the least significant
difference (LSD0.05) of means for the two seasons
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amounted to 9,936 kg C ha-1, 1,133 kg N ha-1,
223 kg P ha-1 and 312 kg K ha-1 as compared to
9,580 kg C ha-1 (P [ 0.05), 290 kg N ha-1
(P \ 0.05), 125 kg P ha-1 (P [ 0.05) and 351 kg K
ha-1 (P [ 0.05) in low input gardens (Fig. 4).
The outputs (yields for one cycle of cultivation)
obtained for the four major vegetables greatly
depended on the crop type and the nutrient input
rates. In high input gardens, the average amount of
carbon and nutrients applied to cabbage (kg ha-1)
was 5,613 kg C, 949 kg N, 202 kg P and 435 kg K
per cropping cycle (85-days), while 7,515 kg C,
398 kg N, 103 kg P and 416 kg K were applied to
tomato for each 3-month cropping cycle. The
resulting yields were 8 t DM ha-1 of cabbage and
0.6 t DM ha-1 of tomato, which exceeded the yields
in low input gardens by a factor of 3.8 and 6.0,
respectively (Table 4). Carbon and nutrients applied
to lettuce (kg ha-1, per 1.5-month cropping cycle)
amounted to 5,260 kg C, 173 kg N, 52 kg P and
195 kg K in low input gardens and were 50% lower
for C and P and about 3-fold lower for N and 2-fold
lower for K, compared to high input gardens. For
amaranth, nutrient application (kg ha-1, per month of
cropping cycle) averaged 81 kg N, 5 kg P and
122 kg K in low input gardens as opposed to
531 kg N, 73 kg P and 300 kg K in high input
gardens. Regardless of management intensity, no
Management type
































































































Irrigation & wet + dry depositions
Root exudates 
Fig. 3 Total amounts of carbon, phosphorus, nitrogen and
potassium applied in high (n = 5) and low (n = 5) input
vegetable gardens in Niamey, Niger, during January 2006 to
January 2008. Data show annual means plus one standard error.
The isolated vertical lines indicate the least significant
difference (LSD0.05) of means for the two management
systems. Carbon input resulted from manure and estimated
deposits from root exudates
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organic amendments were applied to amaranth
(Table 4). For both vegetables, yields in low input
gardens amounted to 2.6 t DM ha-1 (lettuce) and 6.3 t
DM ha-1 (amaranth) per cropping cycle, as compared
to 2.4 t DM ha-1 for lettuce and amaranth, respec-
tively, in high input gardens.
Horizontal nutrient balances in millet fields
Animal manure was the main source of nutrient inputs
to millet fields, applied annually at an average rate of
10.3 t DM ha-1 (SD = 3.8) in high input fields, thereby
supplying 129 kg N ha-1, 25 kg P ha-1 and 62 kg K
ha-1. Manure application accounted for 76, 91 and
65% of total N, P and K inputs in high input fields.
Additional nutrient inputs originated from mineral
fertilizers, which were, however, applied at low rates
(Table 1). At an average of 1.5 t DM ha-1 (SD = 0.2)
the annual amount of manure applied to low input fields
was significantly lower (P \ 0.05), supplying only
7 kg N ha-1, 3 kg P ha-1 and 7 kg K ha-1 (Fig. 5).
Annual C inputs through manure plus the estimated
root deposition (root debris and exudates) amounted to
1,723 kg ha-1 in high input as opposed to 1,014
kg ha-1 in low input millet fields. In low input fields,
calculated wet plus dry depositions supplied up to 93%
of the K inputs as compared to calculated 39% in high
input fields. Additional N inputs to the fields might
have resulted from the unquantified N2-fixation of
cowpea intercropped with millet in both management
systems. However, this contribution to horizontal
balances is likely to be \20 kg ha-1 given the
low stand density of cowpea in all monitored fields
(1,000–2,000 plants ha-1). Annual N removals through
harvest of cowpea shoots and hay averaged
6.8 kg ha-1 (SD = 5.7) in high input fields and
accounted for 16% of the total N exports, while in
low input fields the average removal of 5.8 kg N ha-1
(SD = 4.9) accounted for 27% of total N exports.
Nutrient removals from high input millet fields through
millet grain and stover harvest exceeded those from
low input fields for all nutrients studied (Table 5).
During the 2 years cumulative C and nutrient exports
were 1.5-fold higher for C and P, 2.4-fold higher for N
and 3-fold higher for K in the high input gardens
compared to the low input gardens.
In the millet fields about 20–25% of the stalks
were left on the field after harvest while up to 80%
was removed and used as animal feed at the
homestead. Horizontal balances were positive for C,
N, P and K in high input fields with annual carbon
and nutrient surpluses of 259 kg C ha-1, 125 kg N
ha-1, 20 kg P ha-1 and 0.4 kg K ha-1, and differed
significantly (P \ 0.05 for C, N, P only) from those
of low input fields (Fig. 6).
In contrast, in low input fields, horizontal balances
were negative for P and K and only slightly positive
for C and N.
Millet stover and grain yields strongly varied with
the year and management intensity. In 2006, stover and
grain yields averaged 2,932 kg DM ha-1 and 644 kg
DM ha-1 in high input fields versus 821 kg DM ha-1
for stover and 167 kg DM ha-1 for grain in low input
fields. However, in 2007, the yields obtained in high
input fields were lower (2,603 kg DM ha-1 for stover
and 614 kg DM ha-1 for grain), while stover (1,723 kg
DM ha-1) and grain (451 kg DM ha-1) yields were
higher in low input fields compared to the previous
year.
Table 3 Vegetable crop cycles during the study period (n and
(SD)), cumulative yields (t DM ha-1 2 year-1) and average
amounts (kg ha-1, one cycle) of nitrogen (N), phosphorus (P)
and potassium (K) removed with the edible parts of four
vegetables cultivated in low and high input vegetable gardens





Yield N P K
High input
(n = 5)
Lettuce 10.7 (10) 25.6 83 14 173
Cabbage 5.8 (4) 46.4 260 54 286
Amaranth 19.0 (11) 45.6 98 15 154
Tomato 3.0 (1) 1.8 16 3 35
Low input
(n = 5)
Lettuce 6.4 (4) 16.6 67 14 158
Cabbage 2.5 (1) 5.3 49 12 93
Amaranth 1 6.3 202 32 376
Tomato 1 0.1 3 1 9
Cumulative nutrient export
Total C Total N Total P Total K
High input 59,895 4,306 757 6,541
Low input 14,176 756 157 1,629
Also shown are cumulative nutrient and carbon exports
(kg ha-1 2 year-1)
All nutrient outputs are specified in Fig. 1
DM dry matter
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Management type































































































Fig. 4 Annual partial horizontal balances of carbon, phospho-
rus, nitrogen and potassium in high (n = 5) and low (n = 5)
input vegetable gardens in Niamey, Niger, during January 2006
to January 2008. Data show means plus one standard error. The
isolated vertical lines indicate the least significant difference
(LSD0.05) of means for the two management systems
Table 4 Amounts (kg ha-1; mean ± one standard error) of
carbon (C) nitrogen (N), phosphorus (P) and potassium (K)
applied to four major vegetables during one cropping cycle and
the respective yields (t DM ha-1; mean ± one standard error)
in high and low input vegetable gardens of Niamey, Niger
Vegetable garden Vegetable Yield C N P K
High input (n = 5) Lettuce 2.4 ± 0.2 5561 ± 1123 474 ± 62 73 ± 9 355 ± 36
Cabbage 8.0 ± 0.9 5613 ± 446 949 ± 204 202 ± 59 435 ± 81
Amaranth 2.4 ± 0.2 – 531 ± 94 73 ± 19 300 ± 30
Tomato 0.6 ± 0.2 7515 ± 1817 398 ± 138 103 ± 37 416 ± 122
Low input (n = 5) Lettuce 2.6 ± 0.2 5260 ± 1051 173 ± 29 52 ± 8 195 ± 24
Cabbage 2.1 ± 0.6 5783 ± 1278 91 ± 10 40 ± 4 164 ± 9
Amarantha 6.3 – 81 5 122
Tomatoa 0.1 3587 34 21 121
All nutrient sources are specified in Fig. 1
DM dry matter
a Only one garden was recorded where standard errors do not appear
– In both management systems animal manure is not applied to amaranth
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Changes in the soil nutrient pool and chemical
properties of vegetable gardens and millet fields
In high input gardens, average soil pH was 7.1
(SD = 0.5) in 2006, remained unchanged in 2007
and decreased to 6.7 (SD = 0.7) in 2008 (P [ 0.05).
In low input gardens, no changes in soil pH were
observed throughout the study period (Table 6).
Millet soils had a much lower pH than those of
vegetable gardens, but no significant changes were
observed in the topsoil and subsoil pH of millet fields
during the study period. In high input gardens soil
Corg increased by 36% from 4.9 g kg-1 (SD = 1.8)
in 2006 to 7.6 g kg-1 (SD = 5.3) in 2008, while
during the same period it decreased by a factor of 1.2
in low input gardens; a similar trend was determined
for soil total N (Table 6). However, none of these
changes was statistically significant. In the millet
fields soil Corg remained unchanged over the 2-year
study period.
In soils of vegetable gardens available nutrients
increased over the study period, notably for
exchangeable K (P [ 0.05) and Nmin (P \ 0.05,
except for NO3
--N). The concentrations of NH4
?-N
determined in soils of high input gardens were 53
times higher in 2008 than in 2006, while NO3
--N
decreased by a factor of 7 during the same period. In
low input gardens, soil NH4
?-N increased by a factor
of 9 between the start and the end of the study period,
while NO3
--N slightly decreased (Table 6). In high
Management type























































































Wet + dry depositions
Root exudates 
Fig. 5 Annual total amounts of carbon, phosphorus, nitrogen
and potassium applied to high (n = 5) and low (n = 4) input
millet fields in Niamey, Niger, during January 2006 to January
2008. Data show means plus one standard error. The isolated
vertical lines indicate the least significant difference (LSD0.05)
of means for the two management systems. Carbon input
resulted from manure and estimated deposits from root
exudates
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input millet systems, a 55% decrease of NH4
?-N was
determined in the surface soil and a similar trend was
observed for NO3
--N. In the subsoil NH4
?-N
increased by 16%, while NO3
--N decreased by
57%. In contrast, no major changes in available soil
N were observed in low input millet systems. Over
the 2-year study period, soil concentrations of P-Bray
decreased significantly in the high input and slightly
in the low input gardens. Effective CEC increased
significantly in vegetable gardens while no changes
were found in millet fields (Table 6).
Contamination of water and vegetables
with pathogens and heavy metals
Irrigation water from the river, ponds, and wastewater
sources were contaminated with Staphylococcus
aureus and other pathogens mainly in the cool dry
but also the hot dry season, whereby the level of
contamination was higher in wastewater than in the
other water sources (Table 7). The outer leaves of
vegetables such as amaranth, lettuce and cabbage
irrigated with river water or wastewater were contam-
inated with Salmonella spp. as well as with E. coli. In
cabbage irrigated with wastewater and river water as
well as in amaranth irrigated with wastewater, total
mesophilic aerobic microorganism counts exceeded
106 CFU g-1 fresh matter in the hot dry season and
were thus above the threshold value recommended by
CNERNA (1996). However, in the cool dry season,
pathogen levels were low in lettuce and cabbage
(Table 8). Although Salmonella spp. counts in the
wastewater used in garden Gountou Yena 1 amounted
to 5 9 102 CFU 100 ml-1 in the hot dry season, no
contamination was determined in cabbage leaves. In
the cool dry season Salmonella spp. counts in this water
source were 12-fold higher (6 9 103 CFU 100 ml-1),
and the irrigated lettuce harbored the pathogens at a
concentration of 9.8 9 104 CFU 25 g-1 fresh matter of
the leaves. In the irrigated garden Gountou Yena 2,
amaranth and cabbage leaves were contaminated with
Salmonella spp. in the hot dry and cool dry season even
though no pathogens were detected in the wastewater
used for irrigation (Table 8). In the cool dry season,
lettuce leaves irrigated with river water were also
contaminated with Salmonella spp. in the gardens
Yantala Bas 1, Yantala Bas 2 and Nogare 2, and with
E. coli in the gardens Yantala Bas 2 and Saga (Table 8).
In the hot dry season of 2006, the concentration
(mg l-1) of heavy metals upstream and downstream
of the Niger River ranged from 0.00 to 0.02 for Zn,
0.01 to 0.03 for Cu and 0.01 to 0.01 for Ni. In the
wastewater running through the wadi, the respective
concentrations varied from 0.03 to 0.11 for Zn, 0.03
to 0.04 for Cu and 0.01 for Ni. In pond water Zn, Cu
and Ni concentrations averaged 0.16, 0.12 and 0.04,
respectively (Table 9). Shortly after the rainy season
2006, no Ni was detected in any of the water sources,
Table 5 Average millet grain and stover yields (kg DM ha-1 year-1) and amounts (kg ha-1 year-1) of nitrogen (N), phosphorus (P)
and potassium (K) removed from low and high input millet fields near Niamey, Niger, from January 2006 to January 2008









Dry matter 630 289 2767 1122
N 13.5 6.3 34.2 10.0
P 3.3 1.7 5.0 1.8
K 7.6 5.4 107.4 24.5
Cumulative nutrient exports
Total C Total N Total P Total K
High input 2,928 78 14 187
Low input 2,004 32 9 62
Also shown are cumulative nutrient and carbon exports (kg ha-1 2 year-1)
All nutrient inputs and outputs are specified in Fig. 1
DM dry matter
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and only traces of Zn were present in river and pond
water, while for wastewater the Zn concentration
ranged from 0.02 to 0.04 mg l-1. Post rainy season
Cu concentration in upstream and downstream river
water was 0.01 mg l-1, while values of 0.01–0.02
mg l-1 were determined for wastewater and 0.01




The management practices in Niamey’s UPA vegeta-
ble gardens were characterized by large nutrient inputs
from mineral fertilizers and livestock manure to which
in some cases high nutrient inputs from wastewater
irrigation added. Similar observations were reported
for the vegetable systems in and around Kumasi,
Ghana, where local application rates of poultry manure
amounted to 20–50 t ha-1 year-1 for cabbage and 50–
100 t ha-1 year-1 for lettuce and spring onion (Allium
spp.), equivalent to annual inputs of 770–1,650 kg N
ha-1, 420–900 kg P ha-1 and 350–750 kg K ha-1
(Drechsel et al. 2004). Similarly large application rates
of organic ([40 t ha-1) and mineral (360–1150
kg ha-1) fertilizers to African eggplant and amaranth
were reported for UPA systems of Cotonou, Benin
(Assogba-Komlan et al. 2007).
While in high input gardens of Niamey application
rates per cropping cycle to cabbage and lettuce
Management type


























































































Fig. 6 Annual partial horizontal balances of carbon, phospho-
rus, nitrogen and potassium in high (n = 5) and low (n = 4)
input millet fields in Niamey, Niger, during January 2006 to
January 2008. Data show means plus one standard error. The
isolated vertical lines indicate the least significant difference
(LSD0.05) of means for the two management systems
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ranged from 10 to 30 t ha-1 for animal manure, 43 to
1,771 kg ha-1 for urea and 120 to 628 kg ha-1 for
NPK (15:15:15), application rates in low input
gardens were 9–28 t ha-1 for animal manure,
38–278 kg ha-1 for urea and 55–252 kg ha-1 for
NPK. The high application rates of urea, NPK and
livestock dung and the addition of high amounts of N
through wastewater in some gardens caused large N


















Hot dry Saga Niger river None n.d. None None n.d.
Gountou Yena 1 Wastewater ‘wadi’ 15 9 102 n.d. 5 9 102 27 9 102 n.d.
Gountou Yena 2 Wastewater ‘wadi’ 88 9 104 n.d. None None n.d.
Cool dry Tondibia Gorou Pond n.d. None None n.d. 0.3 9 105
Yantala Bas 1 Niger river n.d. None None n.d. 1.4 9 105
Yantala Bas 2 Niger river n.d. None None n.d. 4.9 9 105
Nogare 1 Niger river n.d. None None n.d. 0.6 9 105
Nogare 2 Niger river n.d. None None n.d. 3.3 9 105
Saga Niger river n.d. None None n.d. 3.2 9 105
Gountou Yena 1 Wastewater ‘wadi’ n.d. None 6 9 103 n.d. 26 9 105
Gountou Yena 2 Wastewater ‘wadi’ n.d. 2 9 105 None n.d. 21 9 105
CFU colony forming units; n.d. not determined, specific counts were not performed
Table 8 Total counts of microbial cells on cabbage, amaranth and lettuce irrigated from different water sources in Niamey, Niger,
during the hot and cool dry season 2007, and internationally recommended threshold values







Hot dry Saga Niger river Cabbage [106 None None
Gountou Yena 1 Wastewater ‘wadi’ Cabbage [106 None None
Gountou Yena 2 Wastewater ‘wadi’ Amaranth [106 None 3 9 106
Cool dry Tondibia Gorou Pond Lettuce 0.58 9 105 None None
Yantala Bas 1 Niger river Lettuce 2.58 9 105 None 8.7 9 104
Yantala Bas 2 Niger river Lettuce 1.46 9 105 2.0 9 104 0.9 9 104
Nogare 1 Niger river Lettuce 0.13 9 105 None None
Nogare 2 Niger river Lettuce 1.27 9 105 None 11.9 9 104
Saga Niger river Lettuce 1.58 9 105 5.8 9 104 None
Gountou Yena 1 Wastewater ‘wadi’ Lettuce 0.68 9 105 0.6 9 104 9.8 9 104
Gountou Yena 2 Wastewater ‘wadi’ Cabbage 7.63 9 105 0.2 9 104 3.5 9 104
CNERNA standard \5 9 105 B10 Absent
ICSMF standard 106 \ X \ 5 9 107 B10 Absent
CNERNA (1996)
ICMSF (1974)
CFU colony forming units
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surpluses in high input gardens. Although the latter
allowed for nutrient extractions in harvested products
that were more than 4-fold higher than in low input
gardens, nutrient uptake varied greatly among the
crops grown and was particularly high for leafy
vegetables such as lettuce, cabbage and amaranth.
With an average of 45 t ha-1 of fresh matter (FM) per
cropping cycle, the yield of lettuce in low input
gardens corresponded well to the value of 39 t FM
ha-1 reported for similar production systems else-
where (Khai et al. 2007), and was substantially higher
than the 15–20 t FM ha-1 reported by PSEAU (2007)
for Niamey at a dung application of 15–25 t ha-1.
Moreover, average cabbage yields of 25 t FM ha-1
recorded in low input gardens were within the range
of 10–40 t FM ha-1 reported by PSEAU (2007),
while average yields of 97 t FM ha-1 obtained in high
input gardens were far above this range.
Annual surpluses of 223 kg P ha-1 and 312 kg K
ha-1 were calculated for high input gardens in
Niamey. These figures compared well to horizontal
balances reported for intensively managed small-
scale vegetable systems in Hanoi, Vietnam, for which
annual surpluses of 109–196 kg P ha-1 and 20–
306 kg K ha-1 were published by Khai et al. (2007).
However, at 1,133 kg ha-1 the average annual N
surplus in Niamey by far exceeded the 85–882 kg N
ha-1 balance reported for Hanoi (Khai et al. 2007).
Despite the highly positive N balance over the 2-year
study period, no significant changes in total soil N
contents were found. This may be due to gaseous and
leaching losses of N, particularly as urea and manure
were often not incorporated into the topsoil immedi-
ately after application. In a companion study of UPA
gardens in Niamey, annual losses of 92 kg N ha-1 in
the form of NH3 and N2O were reported, with
particularly high emission rates at the end of the dry
season and the start of the first rains (Predotova et al.
2010a). For the same gardens, the average annual
leaching losses were estimated at 11.4 kg N ha-1,
1.2 kg P ha-1 and 24.9 kg K ha-1 (Predotova et al.
2010b).
To estimate total annual balances of C, N, P and K
for intensively managed gardens in Niamey, the
above mentioned gaseous and leaching losses were
used and complemented by annual CO2-C and CH4-C
losses of 27 t C ha-1 (Predotova et al. 2010a). The
resulting average annual total balances were with


















































































































































































































































































































































































































































































































































Nutr Cycl Agroecosyst (2010) 87:81–102 97
123
strongly positive for these major plant nutrients,
which was in contrast to a C deficit of -26 t ha-1
reflecting high mineralisation rates of organic matter.
While such a negative C balance points to the need of
maintaining high rates of manure application, the
input of mineral fertilizer could be substantially
reduced, which would lower production costs and
increase resource use efficiency of UPA vegetable
production in Niamey. This is all the more important
since in the high input vegetable gardens a decrease
in soil pH has been observed during the 24 months of
our study, which may be due to the high rates of
mineral N application and related leaching losses and
may in the long run have negative consequences on P
availability. A decrease in soil pH by 1.4 units was
reported for intensive production of broccoli (Bras-
sica oleracea var. silvestris L.) in the USA with
surface application of ammonium nitrate, leading
to increased nitrification and soil acidification
(Stamatiadis et al. 1999). Similarly, excessive N
application has been reported to increase topsoil
acidification in tomato (Solanum lycopersicum L.)
and maize (Zea mays L.) fields (Dougill et al. 2002;
Ju et al. 2007) and to cause yield reductions in tomato
(Badr and Talaab 2008) and summer cabbage (Smith
and Hadley 1992). The substantial accumulation of
Nmin, notably NH4
? in the topsoil of both high and
low input vegetable systems may reflect residual N
surpluses and increase the acidification of the topsoil.
The observed Nmin increases in the topsoil may
indicate NO3
--N accumulation in the cultivated leafy
vegetables. However, this would need verification.
Poˆrto et al. (2008) reported such increases in leaf,
stem and roots of lettuce with increased application
levels of urea and cattle manure.
Horizontal nutrient balances in peri-urban
millet fields
In peri-urban millet production, partial nutrient bal-
ances were strongly positive for high input fields. In
low inputs fields, P and K mining occurred as nutrient
removal through harvested millet and cowpea grain
and stover by far exceeded the very low input levels
applied to these subsistence crops. This compares well
to earlier reports about typical rural millet cultivation
in SW Niger (Bationo and Buerkert 2001). The
strongly positive horizontal balances in high input
millet fields resulted mainly from manure application
at an average annual rate of 10.3 t DM ha-1 through
corralling of sheep, goats and cattle, which reflects the
often close agro-pastoral linkages in low-intensity
land use systems of Niger. Such agro-pastoral linkages
were also reported for millet systems in northern
Burkina Faso (Quilfen and Milleville 1983; Berger
et al. 1987) and underline the role of livestock for the
cereal farming systems in the Sahelian zone. To
minimize nutrient leaching on sandy Sahelian soils,
Brouwer and Powell (1998) recommended not to
exceed an annual manure application rate of 2.5 t DM
ha-1. In the present study the annual quantity of
manure applied to the high input fields was 4-fold
higher than this amount and by the same magnitude
lower than amounts determined in high input vegeta-
ble gardens. The stover yields obtained in low input
fields (1,122 kg DM ha-1 year-1) compared well to
average millet stover yields in the Sahel (1,390 kg DM
ha-1 year-1) reported by Yamoah et al. (2002), but
were lower than the 1,625 kg DM ha-1 year-1
published for an on-station experiment in Niger where
2.5 t DM ha-1 year-1 of manure were applied
(Akponikpe et al. 2008). The grain yields obtained in
the studied high input millet fields (630 kg DM ha-1
year-1) were also lower than the 964 kg DM ha-1
year-1 reported for farmers’ fields in Niger receiving
10 t DM ha-1 year-1 of manure (Schlecht et al. 2004),
an input similar to the amount applied to millet fields
of our study. These findings provide evidence for the
poor resource use efficiency in Niamey’s peri-urban
millet production. Predotova et al. (2010a) reported
average annual losses of 17 kg N ha-1 as NH3 and
N2O and of 5,765 kg C ha
-1 as CH4 and CO2 from
Niamey’s UPA millet fields, accompanied by annual
leaching losses of 3.6 kg N ha-1 and 2.7 kg P ha-1
(Predotova et al. 2010b). Taking into account these
gaseous and leaching losses, total annual balances for
an intensively managed UPA millet field were
estimated at -4.8 t C ha-1, 118 kg N ha-1, 17 kg P
ha-1 and 95 kg K ha-1. The latter three values are
more than twice the total annual balances of 25 kg N
ha-1, 7.8 kg P ha-1 and 24.1 kg K ha-1 calculated for
millet fields in Niger that received 2.5 t DM ha-1 of
manure (Akponikpe et al. 2008). Provided that suffi-
cient family labour is available, farmers might thus be
advised to redirect the available manure from high
input fields into low input fields, so as to increase the
overall productivity and efficiency of peri-urban millet
production.
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Contamination of water and vegetables
with pathogens and heavy metals
The low amount of mesophilic aerobic microorgan-
isms in the wastewater samples collected during the
cool dry season might have been due to dilution
effects which had occurred during the rainy season.
Possible sources of Staphylococcus aureus in irriga-
tion water are air-borne particles deposited by
sandstorms or Harmattan dust, human excreta and
skin abrasions, since this pathogen is closely associ-
ated with nasal secretions of humans (Bremer et al.
2004). The presence of Streptococci, E. coli and
Salmonella in the wastewater is an indication of
faecal contamination, which is an issue of general
concern when untreated wastewater is used for
irrigation. A study in El Azouzzia, Morocco, showed
that lettuce and parsley (Petroselinum crispum var.
neapolitanum) irrigated with untreated wastewater
were contaminated with the same serogroups of
Salmonella B and C that were identified in the water
source (Melloul et al. 2001). It is evident that the
particularities of a crop species and its consumption
patterns (e.g. lettuce versus carrot, Daucus carota
subsp. sativus) largely determine the level of and risk
for bacterial transmission to the consumer. A recent
Salmonella spp. risk assessment study showed that
human infection strongly depends on the type of crop,
irrigation method, and most importantly the number
of days elapsed between the last irrigation and
consumption (Stine et al. 2005). The presence of
E. coli on lettuce at Yantala Bas 1, Nogare 2 and
Gountou Yena 1 may be due to the application of
only partially composted ruminant manure in these
gardens which is another possible source of contam-
ination. This application practice is quite common in
the UPA of Niamey where farmers broadcast manure
on the standing crop. A contamination of lettuce with
faecal coliforms originating from poultry manure was
previously reported from Accra and Kumasi (Ghana),
independently of the type of irrigation water used
(Drechsel et al. 2000; Amoah et al. 2005). These
reports show that health risk assessments should not
be limited to the quality of the irrigation water, but
also address alternative pathways of vegetable con-
tamination such as by animal manure and soil splash.
Recent studies in Kumasi showed that in the dry
season the avoidance of lettuce irrigation with
wastewater six days before harvest effectively
reduced microbial contamination of this important
UPA produce (Keraita et al. 2007). Similar results
were reported from Yuma, Arizona, where iceberg
lettuce subjected to early termination of irrigation
showed reduced microbial counts (Jorge 2006).
However, in Niger this measure seems to be ineffi-
cient in the wet season, and it might adversely affect
the productivity and freshness of vegetables in the dry
season, thereby decreasing farmers’ profits. There-
fore, an integrated approach targeting all farm-
relevant contamination sources apart from irrigation
water and manure is required. Further studies should
determine the survival conditions of Salmonella spp.
and E. coli in the soil and manure stacks under the
Sahelian conditions, so as to derive more environ-
mentally safe dung management strategies, thereby
reducing health risks for vegetable consumers. The
concentrations of Zn, Cu and Ni in all water sources
were far below the established threshold values for
irrigation water estimated at 2 mg Zn l-1, 0.2 mg Cu
l-1 and 0.2 mg Ni l-1 (Pescod 1992) and for
vegetables set at 50 mg Zn kg-1 dry weight (DW),
30 mg Cu kg-1 DW and 1.5 mg Ni kg-1 DW
(Awashthi 2000). The difference between the low
heavy metal concentrations found in our study and
the values of 1.3 mg Zn l-1 and 0.7 mg Cu l-1
reported for the same water sources by Graefe et al.
(2008) is most likely due to a difference in sampling
location. Our samples were collected at the garden-
ers’ points of water withdrawal for crop irrigation,
which were located a few 100 m downstream of the
source points used by Graefe et al. (2008), leading to
dilution effects. In previous UPA studies crop
irrigation with sewage water and industrial effluents,
application of municipal solid wastes and lavish
pesticide usage have been identified as the main
sources for toxic levels of heavy metals, mainly Zn
and Ni, on lettuce (171 and 52 mg kg-1 DM),
spinach (Spinacia oleracea L., 154 and 69 mg kg-1
DM) and radish (Raphanus sativus L., 139 and
63 mg kg-1 DM), respectively (Awashthi 2000;
Binns et al. 2003; Gupta et al. 2008). In Lagos,
Nigeria, concentrations of 106 mg Cu kg-1 and
25 mg Ni kg-1 were found in (dried) soil of industrial
areas as opposed to 63 mg Cu kg-1 and 13 mg Ni
kg-1 in residential areas (Yusuf et al. 2003). Vege-
tables such as water leaf (Talinum triangulare J.),
bush okra (Corchorus olitorus L.), bitter leaf (Verno-
nia amygdalina L.) and fluted pumpkin (Telfairia
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occidentalis H.) cultivated in the industrial areas
accumulated significantly higher amounts of Cu and
Ni than those cultivated in the residential areas
(Yusuf et al. 2003). In Titagarh, West Bengal, India,
mean concentrations of 1.9 g Zn l-1, 1.6 g Cu l-1 and
0.7 g Ni l-1 were reported for untreated wastewater
used for irrigation. These were leading to soil
concentrations of 217 mg Zn kg-1, 90 mg Cu kg-1
and 104 mg Ni kg-1 and resulted in subsequent
accumulation of these metals in vegetables far
beyond recommended threshold values (Gupta et al.
2008). Given the low industrial development of
Niamey, the accumulation of metal elements in
irrigated vegetables seems at present of only minor
concern.
Conclusions
The findings of this study indicate that UPA vege-
table and millet production in Niamey are character-
ized by poor nutrient use and management:
(i) large surpluses of N, P and K were observed in
vegetable gardens of low and high input inten-
sity but C balances remain critical and require
recycling of manure to maintain soil C levels;
(ii) in peri-urban millet cultivation, surpluses of N
(for high and low input fields), P and K (high
input fields only) prevailed, however, mining
of P and K was shown for low input fields;
(iii) the observed surpluses were derived from a wide
range of sources whose contribution varied
among sites. In the vegetable gardens, mineral
fertilizers accounted for 34–48% of N, 15–80%
of P and 2–12% of K inputs. Animal manure
contributed 69–79% to the C input, 44–68% to
N, 61–73% to P and 48–75% to K. In the millet
fields manure contributed significantly to the
positive partial nutrient balances and accounted
for 13–76% of N, 79–91% of P and 17–65% of K
inputs, while root exudates were estimated to
contribute 85–99% of the C inputs. Atmospheric
deposition contributed mainly to the K input and
biological N2-fixation to the N input.
The results of this study suggest that there is a
scope for improved nutrient use efficiency and
management in Niamey’s UPA systems. To achieve
this, strategies that better match nutrient supply to
crop demand need to be applied. Pre-treatment of
wastewater prior to use for irrigation and application
of composted animal dung will contribute to mini-
mize produce contamination, NO3
- leaching and
ammonia volatilisation and to enhance food safety,
thereby reducing the negative externalities of UPA on
the environment and human health.
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